',\' frontiers

in Ecology and Evolution

ORIGINAL RESEARCH
published: 26 October 2020
doi: 10.3389/fev0.2020.570771

OPEN ACCESS

Edited by:

David Andrew Luther,
George Mason University,
United States

Reviewed by:

Paige Warren,

University of Massachusetts Amherst,
United States

Marco Moretti,

Swiss Federal Institute for Forest,
Snow and Landscape Research
(WSL), Switzerland

*Correspondence:
Christopher P Hansen
christopher3.hansen@umontana.edu

Specialty section:

This article was submitted to
Urban Ecology,

a section of the journal

Frontiers in Ecology and Evolution

Received: 08 June 2020
Accepted: 02 October 2020
Published: 26 October 2020

Citation:

Hansen CR, Parsons AW, Kays R
and Millspaugh JJ (2020) Does Use
of Backyard Resources Explain

the Abundance of Urban Wildlife?
Front. Ecol. Evol. 8:570771.

doi: 10.3389/fev0.2020.570771

Check for
updates

Does Use of Backyard Resources
Explain the Abundance of Urban
Wildlife?

Christopher P. Hansen', Arielle W. Parsons?3, Roland Kays?? and Joshua J. Millspaugh’

" Wildlife Biology Program, W.A. Franke College of Forestry and Conservation, University of Montana, Missoula, MT,
United States, 2 Department of Forestry and Environmental Resources, North Carolina State University, Raleigh, NC,
United States, ° North Carolina Museum of Natural Sciences, Raleigh, NC, United States

While urbanization is clearly contributing to biodiversity loss, certain wildlife assemblages
can paradoxically be diverse and abundant in moderately developed areas. One
hypothesis to explain this phenomenon is that abundant anthropogenic resources for
wildlife (i.e., food and shelter) outweigh the costs associated with urbanization. To
test this hypothesis, we used camera traps to measure mammal species richness,
diversity, and relative abundance (i.e., detection rate) in 58 residential yards in Raleigh,
North Carolina, focusing on six types of features that might be used as resources:
animal feeding, vegetable gardens, compost piles, chicken coops, brushpiles, and
water sources. We also placed cameras at random control sites within each yard and
sampled forests in nearby suburban and rural areas for comparison. We fit mixed-
effects Poisson models to determine whether yard features, yard-scale characteristics,
or landscape-scale landcover predicted mammal relative abundance for eight species.
We also tested if the relative abundance of native canid predators in yards was related to
the number of prey (rodents and lagomorphs). Species richness, diversity, and relative
abundance of most mammal species was higher in yards and suburban forests than in
rural forests. Within a yard, purposeful feeding had the strongest effect on animal relative
abundance, with eastern gray squirrels (Sciurus carolinensis) being the most common
(32.3 squirrels/day at feeders; 0.55 at control sites; 0.29 in suburban forests; and 0.10
in rural forests). We observed species using (e.g., eating) most yard features, although
canids were less likely than other taxa to use resources in yards. The presence of a yard
feature did not strongly affect the abundance of species at the control site in the yard,
suggesting the influence of these features was highly localized. The relative abundance
of predators had a positive association with prey relative abundance, and predators
were less common in yards with fences. These results demonstrate that there is high
use of anthropogenic resources, especially supplemental feeding by urban wildlife, and
this increase in prey species may then attract predators, which supports the hypothesis
that use of supplemental food resources explains the abundance of urban wildlife.
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INTRODUCTION

Urbanization is increasing globally, with 55% of the world’s
population currently living in urban areas, 68% projected to
live in urban areas in the year 2050 (United Nations et al.,
2017), and urban land use expanding 9,687 km? per year
between 1985 and 2015 (Liu et al., 2020). Urban areas are often
viewed as being biodiversity deserts, largely due to the negative
impacts of urbanization on the environment (McKinney, 20065
Mcdonald et al., 2008), including land-use and land-cover
change (Foley et al, 2005), altered biogeochemical cycles,
increased CO, emissions driving climate change, and changes
in wildlife abundance, distribution, and community composition
(Grimm et al., 2008).

While urbanization is clearly contributing to biodiversity
loss, certain wildlife assemblages, sometimes including sensitive
and threatened species, are paradoxically found to be more
diverse and abundant in moderately developed areas than
in wild areas (e.g., Ives et al, 2016; Parsons et al., 2018).
Even some large carnivores, often thought to avoid urban
areas, have been found to exploit resources associated with
urbanization (Bateman and Fleming, 2012). One explanation
for the abundance of urban wildlife is that moderate levels
of disturbance may result in a heterogeneous landscape that
can support both good competitors and good colonizers
(i.e., the intermediate disturbance hypothesis; Grime, 1973;
Connell, 1978). Another explanation suggests that altered
interspecific interactions among synanthropic and urbanophobic
species may allow more species to thrive in urban areas
(El-Sabaawi, 2018). For example, the decline of some apex
predators in urban areas (e.g., Ordenana et al., 2010) could
reduce the contribution of top-down control in structuring
ecological communities, thereby “releasing” mesopredators
(Crooks and Soulé, 1999) and subsequently depressing prey
species (e.g., rodents and lagomorphs). However, prey species
are also often abundant in urban areas, resulting in a
“predation paradox” that could be explained by the “human
shield” hypothesis (Berger, 2007), where prey species exploit
areas dominated by humans to avoid predators, or by
the abundance of anthropogenic resources in urban areas,
which provide food and shelter to wildlife in multiple
trophic levels (Faeth et al., 2005; Rodewald et al, 2011;
Fischer et al., 2012).

Urban areas house a diversity of resources for wildlife,
including intentional food sources (e.g., feeders), unintentional
food sources (e.g., gardens, compost piles, chicken coops),
water, and shelter (e.g., brushpiles). These resources are
often located in residential yards, which form a mosaic
of small, independently managed green spaces throughout
urban landscapes (Gaston et al, 2013). For example, it was
estimated that over 47 million people spent approximately
$4.85 billion on birdseed and food for other wildlife in the
United States in 2016 (U.S. Department of the Interior et al,
2018). Further, 35% of all households in the United States
spent $3.5 billion on vegetable gardening in 2013, with the
number of participants increasing annually (National Gardening
Association, 2014).

Wildlife use of urban resources has been extensively studied
in the avian community (e.g., Cannon et al., 2005; Daniels and
Kirkpatrick, 2006; Fuller et al., 2007; Goddard et al., 2010),
but relatively little is known about how urban resources affect
mammal communities. Reed and Bonter (2018) found that
birdfeeders attracted eastern gray squirrels (Sciurus carolinensis)
and northern raccoons (Procyon lotor), but they did not
evaluate other yard features. Kays and Parsons (2014) evaluated
mammal use of residential yards, but primarily focused on
the effects of chicken coops, fences, and domestic dogs
(Canis familiaris). A more comprehensive understanding of
how the most common urban food and shelter resources
affect mammal abundance in residential yards could help
explain the abundance of urban wildlife and provide insight
into the implications of backyard management on mammals,
which could inform urban planning (Lepczyk et al, 2017).
Our objective was to test the hypothesis that food and
shelter resources in yards are an important factor explaining
why some mammals are abundant in urban landscapes, in
comparison with predation risk and landscape-scale attributes
that are typically used to model animal distribution. Further,
given concerns of predators [e.g., coyotes (Canis latrans)]
being attracted to anthropogenic resources (Murray and St.
Clair, 2017) or increased prey abundance (Prevedello et al,
2013), resulting in human-wildlife conflict (Soulsbury and
White, 2015), an additional objective was to identify whether
increasing prey abundance was related to an increase of
predators in yards.

We hypothesized that resources in yards would influence
the activity, distribution, and community structure of mammals
in urban areas and that supplemental feeding (intentional
and unintentional) would have the largest effect on the
relative abundance of mammals (e.g., Boutin, 1990; Reed
and Bonter, 2018). We predicted that increasing natural
vegetation in the yard and in the surrounding landscape would
also be associated with higher mammal relative abundances
(Daniels and Kirkpatrick, 2006; Magle et al., 2009), but
mammal relative abundance would be reduced in yards with
fences or outdoor pets (Kays and Parsons, 2014). Finally,
we predicted supplemental feeding would result in higher
mammal abundance both locally (at the food source) and
throughout the yard.

MATERIALS AND METHODS
Study Area

We conducted our study on residential yards and natural
areas surrounding Raleigh and Durham, North Carolina
(hereafter, Raleigh). The primary study area, including residential
yards and suburban forests within ~5 km radius of yards,
was approximately 1,807 km? with an estimated human
population of 1.14 million and a mean housing density of
~534 houses/km?. We also surveyed sites that occurred in
forests with low housing density (<0.5 houses/km?) within
~130 km of yard sites (“rural” sites; Figure 1). Most
of the primary study area was developed (~54%), with
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site). Basemaps are Esri World Topographic and World Imagery maps.
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FIGURE 1 | Locations of residential yard (pink dots), suburban forest (green dots), and rural forest (blue dots) trail cameras surrounding Raleigh, North Carolina from
2012 to 2016. One representative yard is shown, with a camera placed at each feature in the yard (feeder, compost, chicken coop, garden, brushpile, and control

forests (~34%) and agricultural lands (~4%) interspersed
throughout the region.

Mammal Surveys
From March through October 2016, we set motion-triggered,
low-glow infrared trail cameras (Reconyx Hyperfire PC 900;
hereafter, “cameras”) in 58 residential yards (hereafter, “yards”),
spaced at least 100 m apart (x = 2.87 km, range = 133 m-
14.6 km), throughout the study area. We defined a yard as the
portion of a residential parcel regularly maintained or managed
(e.g., mowed, gardened, landscaped) by the homeowner, generally
within approximately 100 m of the household. Approximately
88% of yards were spaced >500 m apart and 97% were
spaced > 250 m apart. Given most species detected in
our study have relatively small home ranges, particularly in
urban environments, we were not concerned with spatial
autocorrelation.

Housing density at yard sites averaged 378 houses/km?.
Most yards had at least one of six common yard features
that may attract mammals, including bird or mammal feeders

(n = 30), gardens (n = 31), compost (n = 29), chicken coops
(n = 9), brushpiles (n = 39), or water features (n = 29).
Two yards had none of these features. We set cameras
approximately 0.5 m high, facing one of each unique feature
types in the yard. We also set a camera at a random
control site at least 3 m (X = 20 m, range = 3-119 m)
from the nearest feature in the yard (Figure 1). We set
cameras to take a burst of 5 pictures at approximately 1
photo/second each time triggered, with no lag time between
triggers, and left cameras for approximately 3 weeks (X ~
21 days), resulting in a total of 4,608 trap nights. We
recorded other yard characteristics, including presence of fence,
percent cover of trees within 100 m, percent of yard with
natural vegetation, presence of domestic animals, and yard
size. We also estimated landscape-scale attributes, including
percent forest and housing development within 1 km of
the yard using the United States National Landcover Dataset
(Fry et al, 2011) and the Silvis housing density dataset
(Hammer et al., 2004) in ArcMap (Version 10.1, ESRI, Redlands,
California, United States).
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As a comparison to yard sites, we also acquired data from
cameras set from February-October 2012-2016 at random
sites in “suburban” (147-1,000 houses/km?; n = 105; trap
nights = 2,277) and “rural” (<12.67 houses/km?; n = 72; trap
nights = 1,522) forests near Raleigh, NC (see Parsons et al.,
2018). Suburban and rural forest cameras were set using the same
methodology as yard sites, except cameras did not have a paired
control site. Suburban forest sites averaged ~305 houses/km? and
rural forest sites averaged <1 house/km?.

We uploaded photos from cameras into software' that groups
photos taken <60 s apart into independent sequences. Using the
software, we identified the number of unique individuals of each
species in each sequence. We also identified whether a species
was using the yard feature the camera was facing (e.g., eating the
food source or climbing through the brushpile) or just passing
by. Photo identifications were reviewed by an independent party
to ensure accuracy in classification (McShea et al., 2016).

Analytical Methods

We used the iNEXT package (Hsieh et al., 2020) in R (R Core
Development Team, 2019) to calculate species richness (effective
number of species) and Shannon diversity (effective number
of common species) of mammals, excluding mice and rats, at
yard features and in suburban and rural forests. Specifically, we
used incidence data from camera traps to calculate sample-size
and coverage-based rarefaction/extrapolation curves and 95%
confidence limits for Hill numbers (i.e., effective number of
species) with diversity order g = 0 (species richness) and g = 1
(Shannon diversity; Chao et al., 2014; Hsieh et al., 2016).

We calculated mammal relative abundance (i.e., detection
rate) by counting the number of each species detected on a
camera in each sequence and dividing by the number of days
the camera was active. Then, we calculated the mean and
standard deviation of relative abundance, grouping by feature
type and forest type (suburban or rural). We also calculated the
proportion of sites in which the yard feature was used when a
species was present.

We fit three sets of models to evaluate the influence of yard
features on species-specific mammal relative abundance within
yards. The first model evaluated how yard features influenced
mammal relative abundance at the feature location, in relation
to variables at larger scales. Using data from cameras next to yard
features and control sites, we fit separate mixed-effects Poisson
regression models for 8 of the most commonly detected species,
including eastern gray squirrel, northern raccoon, Virginia
opossum (Didelphis virginiana), white-tailed deer (Odocoileus
virginianus), eastern cottontail (Sylvilagus floridanus), gray fox
(Urocyon cinereoargenteus), red fox (Vulpes vulpes), and coyote.
We included an extra error term in the model to account for
overdispersion and included an “offset” term equivalent to the
natural log of the number of days the camera was active. We
included species-specific count as the response, and yard feature
type, percent forest within 1 km, average housing density within
1 km, percent tree cover within 100 m, proportion of the yard
with natural vegetation, presence of a fence surrounding the

lemammal.si.edu

yard, presence of pets (domestic cats or dogs), and yard size as
fixed effects in the model. We chose landscape variables (forest
cover and housing density within 1 km) because previous studies
in a similar region found these variables to be influential on
mammal occupancy (Kays et al., 2017; Parsons et al., 2019). To
account for unmodeled variation in mammeal relative abundance
among yards, we included yard identification as a random effect
and estimated unique intercepts for each yard. We centered and
scaled all continuous covariates. See Supplementary Table 1 for
a description of all model covariates.

The second model evaluated how the presence of a feature
in yard influenced mammal relative abundance throughout
the yard, beyond the feature. This model was also a Poisson
regression model, but only included data from control cameras
in yards and did not include a random effect. This model used
species-specific count as a response, and included categorical
variables identifying whether each feature was present in the yard.
We also included all other yard and landscape attribute covariates
that we included in the first model.

The final model evaluated how predator relative abundance
in yards was related to prey relative abundance. This model
was similar to the first, but we grouped species into a
“predator” cohort (coyote, red fox, gray fox) and a “prey” cohort
(eastern gray squirrel, eastern chipmunk, eastern cottontail, and
mouse/rat species). We included predator count as the response
and prey count, yard characteristics, and landscape attributes as
predictors in the model to evaluate the relative contribution of
each factor in predicting predator abundance in yards. We did
not include yard feature variables in the model because there was
high correlation between these variables and prey abundance.

We fit global models for each species within a Bayesian
framework using the R2jags package (Su and Yajima, 2015) in
R (R Core Development Team, 2019). We estimated posterior
distributions of predictors by running 3 Markov Chain Monte
Carlo (MCMC) chains, each for 1,000,000 iterations, with a
burn-in of 250,000, and thinning of 10. We determined that
predictors influenced the response if 95% credible intervals
(between 2.5 and 97.5% quantiles) of parameter estimates did
not overlap zero. We identified whether models converged by
ensuring R values were <1.1 (Gelman and Rubin, 1992) and by
examining posterior distributions and MCMC chains. We also
used posterior predictive checks to calculate a Bayesian p-value
(pB) to assess model fit, assuming 0.1 < pp < 0.9 represented
adequate fit (Gelman et al., 2014).

RESULTS

We detected 10, 13, and 9 wild mammal species on cameras in
yards, suburban forests, and rural forests, respectively. Species
richness and Shannon diversity did not vary considerably
across yard features, but was generally lower in rural forests
(Figure 2). Eleven wild species [white-tailed deer, eastern
gray squirrel, northern raccoon, gray fox, eastern cottontail,
red fox, coyote, woodchuck (Marmota monax), American
beaver (Castor canadensis), eastern fox squirrel (Sciurus
niger), and southern flying squirrel (Glaucomys Volans)] and
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mouse/rat species had higher relative abundances in suburban
forests, compared to rural forests. Seven species [eastern gray
squirrel, gray fox, Virginia opossum, eastern cottontail, red
fox, woodchuck, and eastern chipmunk (Tamias striatus)]
had higher relative abundances at control sites in yards,
compared to suburban or rural forests. Bobcats (Lynx rufus) were
detected most in rural forests and were never detected in yards
(Supplementary Table 2).

White-tailed deer had the highest relative abundance in
suburban (x = 1.27/day; SD = 2.19) and rural (x = 1.03/day;
SD = 1.37) forests, while eastern gray squirrels had the
highest relative abundance in yards (control site x = 0.55/day;
SD = 1.32). Feeders in yards attracted the most mammals, with
eastern gray squirrels (x = 32.33/day, SD = 40.92), northern
raccoons (x = 1.86/day, SD = 3.22), and eastern chipmunks (X =
1.47/day, SD = 4.18) detected most frequently (Figure 3 and
Supplementary Table 2).

Overall, mammals used (e.g., ate or drank from, paused to
examine, or took shelter in) 69% of the features where they were
detected. Canids only used features at 53% of sites, while all other
species used 71% of features. Eastern chipmunks used 85% of
features where they were detected, while coyotes only used 33% of
features. Mammals were most likely to use feeders (82% of sites)
and gardens (77% of sites), but only used brushpiles at 56% of
sites (Supplementary Figure 1).

All models converged and passed posterior predictive checks.
The effect of yard feature type, yard characteristics, and landscape
attributes on mammal relative abundance varied by species.
Feeders had strong positive associations with the relative
abundances of four species: eastern gray squirrel [ = 4.41, 95%
credible interval (CI) = 3.68-5.18], eastern cottontail (f = 1.41,
95% CI = 0.39-2.46), northern raccoon (f = 2.37,95% CI = 1.65—
3.12), and Virginia opossum (B = 1.48, 95% CI = 0.57-2.41;
Figures 4, 5). Compost sites had positive associations with
the relative abundances of northern raccoons (B = 1.70, 95%
CI =0.93-2.48) and Virginia opossums (8 = 1.71, 95% CI = 0.82-
2.63), but a negative association with the relative abundance of
red foxes (B = —2.26, 95% CI = —4.83 to —0.10). Other yard
characteristics and landscape features had less of an association
with relative abundance of mammal species (Figure 4).

There were almost no effects of the presence of features in
the yard on mammal relative abundances at the control site
(Figure 4); although, coyotes were detected less in yards with
water features (B = —13.60, 95% CI = —25.90 to —3.66). Yard-
scale characteristics had more of an influence on mammal relative
abundances at control sites. For example, red fox (8 = —10.95,
95% CI = —24.33 to —1.33) and gray fox (B = —11.84, 95%
CI = —25.37 to —1.62) had lower relative abundances in yards
with full fences; northern raccoons (f = —2.55, 95% CI = —4.90
to —0.60) and Virginia opossums (f = —3.96, 95% CI = —9.30
to —0.22) had lower relative abundances in yards with pets; and
eastern gray squirrels (B = —2.58, 95% CI = —4.93 to —0.68)
and eastern cottontails (f = —3.93, 95% CI = —8.81 to —0.63)
had lower relative abundances in larger yards. Landscape-scale
characteristics also influenced some mammal detection rates in
yards. White-tailed deer had higher relative abundances in yards
with more forest within 1 km (f = 1.51, 95% CI = 0.08-3.20)

and coyotes had higher relative abundances in yards with more
housing development within 1 km (B = 4.56, 95% CI = 1.45-8.28),
while eastern cottontails had lower relative abundance with more
housing development (B = —10.95, 95% CI = —24.33 to —1.33;
Figure 4).

The number of predators using yards had a small, but
positive association with prey relative abundance (f = 0.28,
95% CI = 0.036-0.52). It would take prey count to increase by
approximately 713 to double the number of predators in a yard.
Predator relative abundance was lower in yards with full fences
(B = —3.46, 95% CI = —5.79 to —1.48), but no other yard or
landscape characteristics influenced predator relative abundance
in yards (Figure 5).

DISCUSSION

A variety of mammals made use of either purposeful or incidental
feeders (e.g., compost, gardens) in backyards, resulting in highly
localized animal abundance, which we suggest helps explain
the abundance of urban wildlife. Apart from a few exceptions,
there was higher species richness/diversity and higher relative
abundance of mammals in yards, compared to rural areas, and
mammal detections increased substantially around supplemental
feeders. Further, we frequently documented mammals eating
anthropogenic food resources, demonstrating that mammal
detections by feeders were related to feeding behavior and not
coincidental. These results are consistent with other research
related to supplemental feeding effects on mammal populations
(e.g., Boutin, 1990; Sullivan, 1990; Bozek et al., 2007; Prevedello
et al, 2013; Reed and Bonter, 2018), but are novel in that
they also demonstrate the relative importance of supplemental
feeding on urban mammal abundance, compared with factors
such as other common yard features, landscape attributes,
and predation risk.

Beyond supplemental food sources, other yard features were
generally less associated with mammal relative abundance in our
study. Most notably, there were few strong, positive associations
between mammal detection rates and water sources, except
for eastern gray squirrels and northern raccoons. Raleigh gets
7.6-11.4 cm precipitation per month on average (U.S. Climate
Data, 2020), and there were many natural water sources in the
surrounding area. Thus, mammals may not be water-limited
in our study area and we expect there would be stronger
associations between water sources and mammal abundance in
more arid environments (e.g., McKee et al, 2015). Another
notable observation was the low of use of brushpiles, except for
eastern gray squirrels. Brushpiles are known to be important
refugia for variety of taxa (e.g., Trent and Rongstad, 1974;
Gorenzel et al., 1995; Bouget and Duelli, 2004; Sperry and
Weatherhead, 2010), but the addition of brushpiles may not
influence wildlife abundance or survival when they are not a
limiting resource (e.g., Goguen et al., 2015). Further, urban
wildlife will use anthropogenic structures for refugia (Lowry
et al, 2013), so brushpiles or other natural refugia within
yards may not be as important as they are in more natural
areas. Finally, chicken coops were relatively unimportant drivers
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FIGURE 2 | Species richness (A) and Shannon diversity (B) of mammals at features in residential yards (brushpiles, compost piles, chicken coops, bird and mammal
feeders, gardens, water features, control sites), suburban forests, and rural forests surrounding Raleigh, North Carolina from 2012 to 2016. Black dots are the
observed species richness or diversity at a feature, solid lines are the interpolated values, dotted lines are the extrapolated values, and gray ribbons are the 95%

of mammal relative abundance in our study; although, there
was a 95 and 97% probability that coops had a positive
influence on eastern gray squirrel and northern raccoon relative
abundance, respectively. Kays and Parsons (2014) reported
similar results, finding raccoons were the only mesopredator
positively associated with chicken coops.

While resources in yards attracted rodents, lagomorphs,
and some mesopredators, the activity of other mammals was
more related to yard characteristics and landscape attributes.
Yards with full fences generally had lower mammal relative
abundance, with the strongest effects on gray fox, red fox, and
Virginia opossums. The presence of domestic cats and dogs
in the yard also negatively influenced mammal abundance,
but only strongly affected northern raccoons and Virginia
opossums. Kays and Parsons (2014) had similar findings,
generally observing less mammal activity in fenced-in yards
with dogs. These results are not surprising, as full fences will
deter some mammals from entering a yard, and domestic
animals are known to disturb wildlife (Lenth et al., 2008;
Hughes and Macdonald, 2013; Lossetal., 2013). However,

yards with supplemental feeders and fences/pets still attracted
more mammals than fenceless/pet-free yards without feeding,
particularly for species that could climb over or under fences (e.g.,
eastern gray squirrels, northern raccoons, eastern chipmunks),
further supporting our finding that supplementary feeding drives
mammal abundance in yards.

Mammal relative abundance in yards was least related to
landscape attributes in our study. White-tailed deer were more
likely to be detected in yards with more forest within 1 km of the
yard, which is consistent with other research in the study area
(Kays and Parsons, 2014). Most interestingly, coyotes detected in
yards had positive associations with housing development within
1 km. Coyotes are increasingly being found in urban landscapes
(e.g., Gehrt, 2004; Gehrt et al., 2009), and other research in the
Raleigh area found coyotes in all development levels around the
city (Parsons et al., 2018). We are unsure of the explanation for
this result, but speculate coyotes using residential yards were part
of a cohort that has become more adapted to urban landscapes.
Thus, these coyotes were more likely to be detected within areas
of greater housing development.
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FIGURE 3 | Relative abundance (count/day) of mammal species at yard features in Raleigh, North Carolina in 2016. Figure (A) includes all species, while Figure (B)

Top-down forces (ie., predation) can play a large role
in population fluctuations of species at lower trophic levels
(e.g., Hairston et al., 1960) through density- or trait-mediated
processes (Abrams et al., 1996); however, we did not find direct
support for this hypothesis in our study. We detected most

predators (i.e., native canids) more frequently in yards, compared
to nearby rural areas, so the high abundance of prey in yards was
not likely related to a reduction in predation risk, as predicted by
the “human shield” hypothesis (Berger, 2007). Instead, we suggest
that bottom-up forces from supplemental feeding are driving
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FIGURE 4 | Mean beta estimates (points) and 95% credible intervals (horizontal error bars) for variables explaining mammal relative abundances in residential yards
in Raleigh, North Carolina in 2016. Feeders, brushpiles, compost, chicken coops, gardens, and water features represent local-level variables; yard size, full fence, pet
present, natural (proportion of yard with natural vegetation), and tree cover within 100 m represent yard-scale variables; and proportion forest within 1 km and
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features) in yards and red markers represent models only including control sites in yards. Thus, feature variables included in control-only models represent whether
the feature was present somewhere in the yard, while feature variables for treatment models represent cameras that faced the feature. Credible intervals that overlap
the vertical dotted line (Beta = 0) represent variables without a strong influence on species-specific relative abundance.

increases in prey abundance, which may also have cascading
effects through the mammal community, given the positive
association between prey and predator relative abundance in
yards. Prey abundance was the only factor with a positive
association with predator abundance in yards; however, the effect
was quite small, and predator abundance varied considerably,
so we suspect predator abundance is being determined by
additional, unmodeled factors.

Predator abundance in yards could also be related to direct
consumption of supplemental food resources, although we
did not find much support for this hypothesis in our study.
Coyotes were found to select for yards with anthropogenic
food, particularly compost, in Alberta (Murray and St. Clair,
2017) and coyotes may eat more anthropogenic resources
when living in an urban-wild matrix (Newsome et al., 2015).
Further, over half of the stomach contents of urban red
foxes in Switzerland was anthropogenic (Contesse et al., 2004).
We did not find strong positive associations between canid
relative abundance and supplemental food features, but we did
observe some of the species occasionally eating supplemental
food. For example, we observed three coyotes and three red
foxes by compost, but only one of each ate the compost. In
contrast, we observed eight gray foxes by compost and each
individual ate the compost. Individual differences in exploitation
of anthropogenic food sources could be related to a variety
of factors such as personality traits (i.e., boldness) or health
status. For example, Murray and St. Clair (2017) found that

coyotes with sarcoptic mange (Sarcoptes scabiei) were more likely
to visit compost piles than healthy coyotes. A more focused
study on interspecific interactions between predators and prey
(e.g., Fischer et al., 2012), as well as predator demography,
activity patterns, health, and diet selection in urban ecosystems
would help elucidate the influence of anthropogenic resources on
predator-prey relationships.

Past research suggests that the ecological implications of
supplemental feeding are nuanced. There is evidence that
supplemental feeding leads to reduced animal movements
(Prange et al., 2003; Gehrt, 2004; Bozek et al., 2007; Gehrt
et al,, 2009) and may have positive effects on wildlife survival
and reproductive rates (e.g., Adams et al., 2005; Bateman and
Fleming, 2012). However, feeders could also act as an ecological
trap for target species (e.g., birds) due to negative interspecific
interactions with non-target species, such as squirrels (e.g., Reed
and Bonter, 2018). For example, the hyperabundance of gray
squirrels at supplemental feeding sites could interfere with avian
use of feeders (Bonnington et al., 2014b) and result in reductions
in avian species diversity and abundance for species that are
susceptible to nest predation by squirrels (Bonnington et al.,
2014a). Further, much of the positive demographic effects are
realized in synanthropic species, which could outcompete non-
synathropic species, thereby reducing community evenness and
biodiversity in urban areas (Shochat et al., 2010). Mammal use of
supplemental feeding sites could also have disease implications
(Becker and Hall, 2014; Becker et al., 2015). We show that the
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presence of a feature in a yard generally did not affect mammal
abundance at the control site, regardless of high mammal
abundance near the feature, suggesting mammal use of features
in yards was highly localized. This aggregation of mammals could
increase the probability of disease transmission among wildlife
and from wildlife to humans (e.g., Soulsbury and White, 2015).

CONCLUSION

Overall, our study provides more evidence that moderately
developed landscapes can contain a high diversity and abundance
of mammals, sometimes higher than wild sites, which lends
support to the intermediate disturbance hypothesis as an
explanation for the abundance of urban wildlife. In the context
of urban landscapes, a variety of factors could be considered

“disturbance,” including fragmentation of habitat, increased
heterogeneity in habitat types, and introduction of supplemental
food and structure resources. We found a large association
between the relative abundance of some mammal species and
supplemental food resources, which we posit is the primary
explanation for the increase in species diversity and abundance
in moderately developed areas. While predator-prey dynamics
also likely influence urban mammal communities, we did not
find strong support for this hypothesis in our study, other than
a minor effect of prey species on predator relative abundance
in residential yards. We also did not find strong support for
an influence of landscape-scale factors on mammal relative
abundance in yards; however, there are likely many other factors
across spatial and temporal scales that we did not evaluate, such
as landscape patchiness or connectivity, that could contribute
to our findings.
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Our findings only represent data surrounding one city
in the United States. The effects of backyard resources on
mammal relative abundance and community dynamics could
vary across urban areas with different populations or urban
structure. Thus, we caution extrapolation of our results and
recommend further replication of our study across other urban
sites. Further, we describe and discuss the ecological implications
of abundant urban wildlife, but do not discuss the social
implications, which are a crucial component of urban wildlife
ecology, management, and conservation. For further information
regarding the potential negative and positive implications
of abundant urban wildlife and wildlife provisioning, we
recommend reading reviews by Soulsbury and White (2015)
and Cox and Gaston (2018).
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